investigated. 4) The results showed that compounds with an intact ring D exhibit significant cytotoxicity, while compounds without ring D are devoid of cytotoxicity. 5, 6) Miltirone is one of the examples (Fig. 1) . The finding that the intact ring D plays the key role in cytotoxicity is seemingly in agreement with the above hypothesis on furano-o-quinone. But there is a conflict between this structure-based cytotoxicity and the wide spread, safe use of Tan IIA for numerous diseases other than tumors for centuries. If Tan IIA is really a type of free radical-produced cytotoxic agent, it is not likely that it could be used safely. Additionally, the hypothesis dose not interpret the identified antioxidant properties of Tan IIA. 7) It would be to find evidence of its molecular antitumor mechanism. In this study, the exact interaction mode of Tan IIA with DNA was explored in detail using fluorescence, viscosimetry, and molecular modeling. The surprisingly minor groove-binding of Tan IIA to DNA was illustrated for the first time. Fluorescence Measurements Fluorescence spectra were obtained with an FP-6500 spectrophotometer (Jasco, Japan) at room temperature in a 1-cm quartz cuvette. Emission spectra were recorded between 385 and 550 nm with an excitation wavelength of 334 nm, corresponding to the l max of Tan IIA in the solvent system studied. In fluorescence titration studies, the solution of the compound (3 mM) was titrated with aliquots of DNA stock solution to reach the different molar ratios of DNA basepairs to Tan IIA.
MATERIALS AND METHODS

Materials
Viscosity Measurements The experiment was performed as described previously. 8) Tan IIA concentrations ranging from 5 to 20 mM were added to the viscometer to give a specific ratio (r) of Tan IIA to CT DNA and the flow time measured. Each point measured was the average of at least six readings after allowing thermal equilibrium to be reached (30 min). The data obtained a presented as (t/t 0 ) versus r, where t is the flow time of CT DNA in the presence of Tan IIA and t 0 is the flow time of CT DNA alone.
Molecular Modeling Studies
The crystal structure of B-DNA used for docking was extracted from the structure with Protein Data Bank identifier 453D.
9) The 3D structure of Tan IIA was generated using Sybyl 6.92 (Tripos Inc., St. Louis, U.S.A.) and its energy-minimized conformation was obtained with the help of the MMFF94 force field. Water was removed from the DNA PDB file. Polar hydrogen atoms and Gasteiger charges were added to prepare the DNA molecule for docking. Rotatable bonds in the ligand were assigned with AutoDockTools in AutoDock. Ligand docking was carried out with the AutoDock 3.0.5 Lamarckian Genetic Algorithm (GA). 10) DNA was enclosed in the grid defined by AutoGrid as having 0.375 Å spacing. Other miscellaneous parameters were assigned the default values given by the AutoDock program. The output from AutoDock was rendered with PyMol.
11) RESULTS AND DISCUSSION
DNA-Binding Affinity and AT Preference of Tan IIA
The DNA affinity measurement was performed using fluorescence spectrometry. As shown in Fig. 2A , a strong interaction between Tan IIA and DNA was observed with a marked increase in emission intensity upon binding to DNA. Consequently, fluorescence titration was performed to determine the binding constant of Tan IIA with CT DNA, poly[(G-C) 2 :
The results shown in Fig. 2B and Table 1 clearly indicate significant variations in the binding affinities of Tan IIA as a function of the DNA sequence. The affinity of Tan A for alternating AT sequences is 3.0 folds higher than that of alter- 13) Groove-binding, however, exposes the bound molecules to the solvent surrounding the helix.
14) Therefore groove-binding provides much less protection for the chromophore than the intercalation mode. Stern-Volmer K SV is measured to evaluate the fluorescencequenching efficiency according to the Stern-Volmer equation:
The interaction pattern of small molecules with DNA can be deduced from the variation of K SV . If small molecule is intercalated into the helix stack, the magnitude of K SV of the bound small molecule should be lower than that of the free one. 15) In contrast, if a small molecule binds to DNA in the groove, the magnitude of K SV of the bound small molecule should be higher than that of the free one. As shown in Fig.  2C , the K SV values of the Tan IIA bound with CT DNA is 21.69 l/mol, which is significantly higher than that of the free Tan IIA (19.77 l/mol). The result indicates that Tan IIA binds to DNA by the groove-binding mold.
To identify further the binding mode of Tan IIA with DNA, viscosity measurement was carried out. Viscosity measurements may be used to monitor such DNA structural changes based on the length changes in rod-like DNA. 16 ) It has been shown that under appropriate conditions intercalation of molecules causes a significant increase in viscosity of DNA solutions due to increased separation of basepairs at intercalation sites and hence an increase in overall DNA contours length. In contrast, some drug molecules that bind exclusively in the grooves of DNA, under the same conditions, cause less pronounced or no changes in DNA solution viscosity. 13) In the present study, the viscosity measurements were carried out on CT DNA by varying the concentration of Tan IIA. Results showed that the addition of Tan IIA caused no significant viscosity change (Fig. 2D) , confirming from another aspect that the interaction mode between Tan IIA and DNA is in the groove-binding mode. Together with the result showing that Tan IIA binds to DNA with an AT preference, it was verified that Tan IIA binds to DNA within the minor groove, which is A-T rich. Even though the length of the Tan IIA molecule is much shorter than the well-known crescentshaped groove-binding molecules, our experimental results strongly support the hypothesis that Tan IIA is a groovebinding agent.
Molecular Modeling Indicating the Furan Oxygen Is Important for Binding Docking studies were performed because they may provide some insight into the interactions between the macromolecule and ligand, which can corroborate the experimental results. The docked structure as shown in Fig. 3 suggests that Tan IIA could fit exactly within the minor groove and the binding site involves A-T residues, which is in agreement with the experimental results. The docking results further illustrate that Tan IIA is a minor groove-binding agent even though the molecule is so small that the binding site is only two basepairs long. The most exciting hint from the docking studies is that the N-3 nitrogen of A 17 is at a distance of 2.98 Å from the furan oxygen of Tan IIA. According to the appropriate conditions for hydrogen bond formation, 17) the possible hydrogen bound between the furan oxygen of Tan IIA and the N-3 nitrogen of adenine was emerging. This provides a novel explanation of why the furan oxygen of Tan IIA is the key structural element for cytotoxicity. The hydrogen bond is most likely the primary contributor to overall Tan IIA/DNA stabilization. This means that the groove-binding of Tan IIA with DNA, but not production of reactive free radicals by furan oxygen, is the molecular basis of its cytotoxicity.
Interestingly, all of the findings in SAR studies on the structural features that are important for cytotoxicity 4) could be interpreted easily according to the groove-binding mode. First, the SAR studies showed that the compound with two hydroxyl-substituents in ring A (tanshinondiols A and B, Fig.  1 ) demonstrated higher cytotoxicity than compounds with a saturated ring or with a single hydroxyl-substitution in ring (Tan IIB). This phenomenon could not be explained by the free radical theory. However, the groove-binding mode might be responsible for it. Compounds with two hydroxyl-substituents in ring A may form more hydrogen bonds with basepairs so that they bind with DNA more tightly. Second, SAR studies showed that the ortho-quinone moiety in ring C is an important structural feature for the cytotoxicity of tanshinones. This also could be interpreted by the groove-binding mode. The carbonyl groups of ortho-quinone may increase the electronegativity of furan oxygen and result in stronger hydrogen bonds than the corresponding paraquinone ones (1-ketoiso-cryptotanshinone, Fig. 1) . Third, the SAR results showed that compounds with a dihydrofuran ring (Cryptotanshinone, Fig. 1 ) were more cytotoxic than the corresponding compounds with a furan ring. This could be explained by the absence of dihydrofuran ring conjugation with rings B and C, and thus the dihydrofuran oxygen is more electronegative and prefers to form hydrogen bonds. The strength of the hydrogen bond between a compound and DNA is most probably the key factor in tanshinone cytotoxicity. This indicates that the groove binding of Tan IIA with DNA by the furan oxygen, but not the production of reactive free radicals by furan-o-quinone, may be the molecular basis of its cytotoxicity.
No ATM Activation by Tan IIA in Vivo Cell-based experiments were performed to further identify whether DNA damage by free radicals contributes to Tan IIA cytotoxicity. If free radicals were produced by Tan IIA to damage DNA, DNA double-strand breaks should occur. To test this, spatiotemporal analysis of pS1981-ATM foci using immunofluorescence staining was performed. ATM proteins are the initiator of the DNA damage signal pathway in cells. Following induction of DNA strand breaks, they become activated by autophosphorylation at the ser1981 site. 18) MCF-7 cells were exposed to IR at 5 and 10 Gy as a positive control, or exposed to Tan IIA at concentration of 20 and 60 mM. After the indicated times (Fig. 4) , the ATM foci in the nucleus were observed under IR exposure. In contrast, no foci were found following Tan IIA treatment. Thus, the hypothesis that Tan IIA causes DNA damage through free radicals was disproved.
In summary, the molecular basis of Tan IIA antitumor activity was shown to be winding of the DNA double helix by minor groove-binding. The furan oxygen would be the key atom for the binding due to the hydrogen bond it forms. It is suggested that the molecular mechanism contributing to the cytotoxicity of Tan IIA and/or other tanshinones must be related to groove binding through the hydrogen bond involving the furan oxygen. In other words, the antitumor activity of Tan IIA should be related to the DNA conformational change upon Tan IIA exposure. This is under further investigation.
